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Abstract 

Characterizing the mechanisms by which West Nile virus (WNV) causes blood-brain barrier (BBB) disruption, leukocyte 
infiltration into the brain and neuroinflammation is important to understand the pathogenesis of WNV encephalitis. Here, 
we examined the role of endothelial cell adhesion molecules (CAMs) in mediating the adhesion and transendothelial 
migration of leukocytes across human brain microvascular endothelial cells (HBMVE). Infection with WNV (NY99 strain) 
significantly induced ICAM-1, VCAM-1, and E-selectin in human endothelial cells and infected mice brain, although the levels 
of their ligands on leukocytes (VLA-4, LFA-land MAC-1) did not alter. The permeability of the in vitro BBB model increased 
dramatically following the transmigration of monocytes and lymphocytes across the models infected with WNV, which was 
reversed in the presence of a cocktail of blocking antibodies against ICAM-1, VCAM-1, and E-selectin. Further, WNV infection 
of HBMVE significantly increased leukocyte adhesion to the HBMVE monolayer and transmigration across the infected BBB 
model. The blockade of these CAMs reduced the adhesion and transmigration of leukocytes across the infected BBB model. 
Further, comparison of infection with highly neuroinvasive NY99 and non-lethal (Eg 101) strain of WNV demonstrated similar 
level of virus replication and fold-increase of CAMs in HBMVE cells suggesting that the non-neuropathogenic response of 
Eg 101 is not because of its inability to infect HBMVE cells. Collectively, these results suggest that increased expression of 
specific CAMs is a pathological event associated with WNV infection and may contribute to leukocyte infiltration and BBB 
disruption in vivo. Our data further implicate that strategies to block CAMs to reduce BBB disruption may limit 
neuroinflammation and virus-CNS entry via 'Trojan horse' route, and improve WNV disease outcome. 
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Introduction 

Since its introduction to the United States in 1999, West Nile 
virus (WNV), a mosquito-borne flavivirus classified as an NIAID 
Category B Priority Pathogen, has emerged as a leading cause of 
viral encephalitis, with more than 5,000 cases including nearly 250 
deaths in 2012. WNV is an enveloped positive stranded RNA virus 
and is closely related to other human pathogens including dengue, 
yellow fever, Japanese encephalitis and tick-borne encephalitis 
viruses. Currently there are no therapeutic drugs or vaccines for 
WNV approved for human use [1]. The fatality rate is 
approximately 10% for hospitalized WNV cases and up to 70% 
of the survivors of WNV-encephalitis experience persistent 
neurological deficits for several months [2]. The pathogenesis of 
WNV in humans is not well characterized but WNV infection in 
mice mimics human WNV disease, thus making it a good model to 
understand the mechanisms that cause WNV disease. WNV 



infection triggers effective innate immune responses, which 
collectively mediate virus clearance from the periphery and 
control its dissemination in the brain, however in subset of 
patients WNV enters the central nervous system (CNS) [3]. 
Therefore, WNV neuropathogenesis is mainly dependent on the 
ability of the virus to enter the brain and replicate within resident 
cells including neurons and astrocytes [3]. Increased leukocyte 
infiltration, specifically CD8 + T cells are critical for clearing virus 
infection from the CNS, although migrating inflammatory 
monocytes and T cells also contribute to neuropathology by 
potentiating inflammation [4,5]. Leukocytes entering the CNS 
must cross the blood-brain barrier (BBB) and one of the routes of 
WNV-CNS entry is also proposed to be via 'Trojan horse' 
mechanism by infected leukocytes [5]. 

The BBB is a selective cellular border made up of specialized 
cerebral microvascular endothelial cells that protects the CNS 
from blood-borne dangers. The BBB-endothelial cells interacts 
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with perivascular structures like pericytes and astrocytes and have 
characteristic properties defined by high transendothelial electrical 
resistance, the expression of tight junction proteins (TJP) sealing 
the paracellular spaces, and a low pinocytotic activity [6,7]. These 
features limit transcellular and paracellular movement of periph- 
eral immune cells and molecules [8]. However, infection with 
neurotropic pathogens results in increased migration of leukocytes 
into the CNS, a key element of innate and adaptive immunity [9]. 
Leukocyte trafficking across the BBB, a very coordinated process 
including tethering, rolling and adhesion followed by transmigra- 
tion, is governed by the interactions of endothelial cell adhesion 
molecules (CAMs) with their ligands, matrix metalloproteinases 
(MMPs) and chemokines [10,11]. Endothelial CAMs such as 
immunoglobulin superfamily members (intracellular adhesion 
moleulce, IGAM-1; vascular cell adhesion protein, VCAM-1) 
and selectins interact with their leukocyte integrins counterparts 
(very late antigen 4, VLA-4; and lymphocyte function-associated 
antigen 1, LFA-1) and, in concert with chemotactic chemokines, 
facilitate rolling and adhesion of leukocytes on the endothelial 
wall. Under healthy conditions the endothelial cells of the BBB 
express very low levels of CAMs, however the expression of 
multiple CAMs including ICAM-1, VCAM-1, and selectins upon 
inflammatory stimulation multiple sclerosis (MS) [12] or infection 
with viruses such as human immunodeficiency virus (HIV) [13,14] 
and herpes simplex virus [15]. 

Our recent study demonstrated that the disruption of BBB in 
WNV-infected mice correlated with loss of TJPs and increased 
MMPs in the brain [16]. Using a human in vitro BBB model we 
have also shown that the transit of cell-free virus does not alter the 
permeability of the model [17]. In addition, we observed that 
WNV-induced expression of MMP-9 and -3 in human primary 
astrocytes, but not human brain microvascular endothelial 
(HBMVE) cells, is responsible for the degradation of TJP of 
HBMVE cells, suggesting that WNV-induced neuroinflammation 
may contribute to BBB disruption [18]. Infiltrating macrophages 
and T cells are critical for controlling infection and clearing WNV 
in the brain [3,19]. Conversely, they are also proposed to be a 
route of virus-CNS entry and source of high levels of pro- 
inflammatory cytokines and chemokines in the brain [20,21]. 
However, little is known about the underlying mechanisms of 
leukocyte transmigration and their role in BBB disruption 
associated with WNV infection. Therefore, the objective of the 
present study was to use transwell cultures of brain endothelial 
cells to examine the effect of leukocyte transmigration on the 
permeability of the in vitro BBB model and to further understand 
the role of WNV-induced CAMs in the transmigration of 
leukocytes across the BBB. Our results report CAMs such as 
ICAM-1, VCAM-1, and E-selectin are induced following WNV 
infection in human endothelial cells and mouse brain, blocking of 
which results in significant reduction of the adhesion of leukocytes 
to HBMVE cells and disruption of BBB model. We further 
compare the virus replication kinetics and induction of CAMs in 
HBMVE cells infected with neurovirulent NY99 and non-lethal 
EglOl strain of WNV. 

Results 

The integrity of the in vitro BBB model is compromised 
following transmigration of monocytes 

The acute infection of WNV in vivo is associated with the 
disruption of BBB [16]. Others and we have also shown that 
enhanced infiltration of leukocytes, both monocytes and T cells 
into the brain is one of the hallmarks of WNV-associated 
neuropathology in mice [16,22]. Since leukocyte infiltration is 



shown to cause BBB disruption, in this study we first investigated 
how the migration of monocytes across the in vitro BBB model 
affects its integrity. To further delineate the role of WNV infected- 
leukocytes versus -endothelial cells in BBB disruption, we 
conducted parallel experiments using the transmigration of either 
WNV-infected monocytes at day 2 after infection across the 
uninfected BBB models (Fig. 1A) or uninfected monocytes across 
the WNV-infected BBB models at day 3 after infection (Fig. IB). 
Incubation of the uninfected BBB model with infected monocytes 
(Fig. 1A) and lymphocytes (data not shown) did not result in a 
significant change in the transendothelial electrical resistance 
(TEER) following 2 and 4 hrs after transmigration. On the other 
hand, at 2 hrs after incubation of uninfected monocytes with 
WNV infected-inserts (day 3 after infection), there was a significant 
reduction in the percentage change in TEER as compared to the 
mock-infected controls, which further decreased at 4 hrs after 
incubation (Fig. IB). Since the presence of chemokines such as 
monocyte chemotactic protein 1 (MCP-1 or CCL2) in the lower 
chamber is known to chemoattract leukocytes across the BBB, we 
next analyzed the influence of CCL2 on the permeability of the 
WNV-infected BBB model following incubation with uninfected 
monocytes and lymphocytes. As seen in Fig. 1C and D, after 2 and 
4 hrs, incubation with both monocytes and lymphocytes reduced 
the TEER of the BBB model, however the presence of MCP-1 in 
the lower compartment of the transwell system did not further 
altered the TEER values. Together, these results suggest that 
WNV infection of leukocytes did not contribute significantly to the 
loss of resistance of the in vitro BBB model, rather it is the 
infection of BBB endothelial cells that mediated the disruption of 
the integrity of the BBB. 

WNV induces the expression of cell adhesion molecules 
in the HBMVE cells and mice brain 

The CAMs bind to their ligands on leukocytes to facilitate their 
entry into the CNS. Previous work in our lab has demonstrated 
that WNV infection increased the mRNA expression of ICAM, 
VCAM and E-selectin in HBMVE cells. To further determine the 
specificity of these CAM's, in this study we looked at the mRNA 
expression of other important CAMs. Our results showed that the 
mRNA expression of P-selectin, L-selectin and PECAM did not 
change at 72 hrs after WNV infection of HBMVE ceUs (Fig. 2A), 
while increase in ICAM, VCAM and E-selectin correlated with 
peak virus titers [17]. In addition, we also analyzed the expression 
of key leukocyte adhesion molecules in WNV-infected monocytes, 
which may act as ligands for endothelial cell CAMs. As seen in 
Fig. 2B, while the mRNA expression of macrophage antigen 1 
(MAC-1), VLA-4 and L-selectin did not change at 24 hrs, there 
was a modest increase in the expression of L-selectin at 48 hrs after 
infection. We next confirmed the increased protein expression of 
ICAM-1 and E-selectin in HBMVE cells by immunostaining. As 
demonstrated in Fig. 2D, whilst the mock-infected HBMVE cells 
did not exhibit any staining of E-selectin and ICAM-1, a very 
strong signal was observed in WNV-infected HBMVE at day 3 
after infection. To further validate the ability of WNV to increase 
the expression of these CAMs in vivo, mRNA expression of 
ICAM-1, VCAM-1 and E-selectin was analyzed using qRT-PCR 
in the brains of WNV-infected mice (100 PFU via footpad route). 
As compared to the mock-infected controls, the mRNA transcripts 
of ICAM- 1 , VCAM- 1 and E-selectin in the brain did not change 
at day 4 after infection (data not shown), however a 2- to 9-fold 
increase was observed at day 6, which further increased at day 8 
after infection (Fig. 2C). The increased expression of these CAMs 
correlated very well with the peak WNV titers at day 8 after 
infection (Fig. 2C) and other markers of WNV-neuropathogenesis 
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Figure 1. WNV infection of HMBVE cells, but not of leukocytes, mediates the disruption of the in vitro BBB model. The effect of 
leukocyte migration on the permeability of the in vitro BBB model was determined by TEER measurements. (A) WNV infected monocytes (2.5 x 10 s ) at 
24 hrs after infection were added in the upper compartment of the uninfected BBB model and permeability was measured at 2 and 4 hrs after 
incubation. (B) At 72 hrs after WNV infection of BBB model, transmigration of uninfected monocytes significantly decreased the TEER as compared to 
control. (C and D) A chemotactic gradient was established by the addition of 100 ng/mL recombinant human CCL2 to the lower compartment and 
uninfected monocytes and lymphocytes were allowed to migrate across infected BBB. Results are the mean of data from two independent 
experiments in duplicate. *p<0.05 compared to mock. C, inserts with control HBMVE cells without leukocytes. 
doi:10.1371/journal.pone.0102598.g001 



such as disruption of the BBB and infiltration of leukocytes as 
demonstrated in our previous studies [16]. Similar increase in the 
mRNA expression of these CAMs (20- to 42-fold) was also 
observed in the brains of mice infected via intracranial route at day 
6 after infection when the virus titers were at peak (data not 
shown), thus confirming that the induction of these CAMs is linked 
to robust virus replication in the brain. 

WNV NY99 and Eg 101 infection results in similar levels of 
virus replication and induction of CAMs 

The neuro invasive potential of WNV is strain dependent. While 
NY99 strain is highly neurovirulent, non-lethal EglOl is not 
considered to be neuroinvasive. Therefore, to further understand 



the differential response of NY99 and EglOl strain in the BBB- 
endothelial cells, we first compared the replication kinetics of these 
strains in HBMVE ceUs. As seen in Fig. 3A, NY99 and EglOl 
strain replicated to similar levels in HBMVE cells at 48 and 72 hrs 
after infection, and did not exhibit any cytopathic effect (data not 
shown). Analysis of CAMs response to EglOl demonstrated that 
mRNA of all three CAMs, ICAM-1, VCAM-1 and E-selectin 
were induced in infected HBMVE cells at 48 hrs time point, which 
further increased at 72 hrs after infection (Fig. 3B). This increase 
was comparable to the CAM induction observed in NY99-infected 
HBMVE cells (Fig. 2A) suggesting that in an in vitro culture 
system, when infected with the same MOI, the response of 
HBMVE cells culture system to both these strains of WNV is 
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Figure 2. WNV induces expression of specific CAMs in the HBMVE cells and mouse brain. (A) The changes in the mRNA of multiple CAMs 
was measured in HBMVE cells at 72 hours after infection. (B) qRT-PCR was conducted on the RNA extracted from WNV-infected human monocytes to 
determine fold-change in the VLA-4, MAC-1 and L-selectin gene expression. (C) WNV titers and fold-change of ICAM-1, VCAM-1 and E-selectin in 
WNV-infected mouse brain as determined by qRT-PCR. The data are normalized to the values of GAPDH and are expressed as relative fold increase 
compared to uninfected controls. (D) Validation of the increase in the protein expression of ICAM-1 and E-selectin in HBMVE cells at 72 hrs after 
infection by immunostaining. The data are expressed as means ± SD from two independent experiments in duplicate. *p<0.05 compared to mock. 
doi:1 0.1 371 /journal.pone.01 02598.g002 



similar at the level of virus replication and induction of CAMs. 
Based on these results, NY99 strain was used to delineate the role 
of CAMs in WNV-associated BBB disruption. 

Blocking of CAM'S limits leukocyte adhesion to the 
HBMVE cells 

The interactions of leukocytes with the CAM's on the brain 
endothelial cells play an important role in their CNS transmigra- 
tion. Since our results demonstrated increase of three specific 
CAMs (Fig. 2, ICAM-1 VCAM-1 and E-selectin), we next 
analyzed the role of these CAMs in mediating the adhesion of 
leukocytes to the HBMVE cells. As seen in Fig. 4, under mock- 
infected conditions only a small number of monocytes adhered to 
the HBMVE cells, which increased significantly to the WNV- 
infected HBMVE cells (day 3 after infection, p<0.05). However, 
pretreatment of HBMVE cells with a cocktail of blocking 
antibodies against ICAM-1, VCAM-1 and E-selectin before the 
co-culture dramatically reduced the number of monocytes 
adhered to the infected HBMVE cells (Fig. 4). We also observed 
similar results of increased attachment of lymphocytes to the 
WNV-infected HBMVE cells, which was significantly reduced in 
the presence of blocking antibodies to CAMs. 



Blocking antibodies against CAMs can limit disruption of 
the in vitro BBB model and leukocyte transmigration 

After demonstrating the role of CAMs in leukocyte-HBMVE 
cell adhesion, we subsequently analyzed their role in the disruption 
of in vitro BBB model during the transmigration. As demonstrated 
in Fig. 5, incubation of the WNV-infected inserts with monocytes 
in the presence of a cocktail of neutralizing antibodies against 
CAMs (ICAM-1, VCAM-1 and E-selectin) reversed the decrease 
in the TEER values. A similar trend was observed during the 
incubation of lymphocytes, which showed a significant reduction 
in the percentage change in the TEER values in the presence of 
the blocking antibodies (Fig. 5). 

Next, we determined whether blocking leukocytes adhesion to 
the endothelial cells using antibodies against CAMs also interferes 
with the leukocyte transmigration across the BBB model. Using 
fluorescent-tagged monocytes, we observed that the transendothe- 
lial migration of monocytes across the uninfected BBB model was 
minimal after 2 hrs of incubation (Fig. 6). Pretreatment of the in 
vitro BBB model with tumor necrosis factor-a (TNF-oc) increased 
the number of migrated monocytes by >2 fold as represented by 
the increased fluorescence of the leukoTracker dye in the lower 
chamber (Fig. 6). Similarly, compared to the controls, WNV 
infection of the BBB model increased the number of monocytes 
crossing the BBB model by 2.5-fold. As seen in Fig. 6B, only 10- 
1 5 % of the cells transmigrated across the uninfected BBB model 



PLOS ONE | www.plosone.org 



4 



July 2014 | Volume 9 | Issue 7 | e102598 



WNV-lnduced Cell Adhesion Molecules Mediate Blood-Brain Barrier Injury 




48 hr 72 hr 

Hours after infection 



Figure 3. WNV-EglOl efficiently infects HBMVE cells and induces CAMs. Primary human HBMVE cells were infected with WNV-NY99 or 
Eg1 01 (MOI5). (A) Culture supernatants recovered at 48 and 72 hrs after infection were used to determine titers using plaque assay on Vero cells. 
Data represent the mean ± SD PFU per ml_ of supernatant from two independent experiments. (B) qRT-PCR analysis of CAMs in EglOl infected 
HBMVE cells at 48 and 72 hrs after infection. The data are normalized to the values of GAPDH and are expressed as relative fold increase compared to 
uninfected controls. 
doi:1 0.1 371 /journal.pone.01 02598.g003 



(500,000 cells in upper compartment), which increased signifi- 
cantly to ~35% (p<0.05) in the case of infected BBB model. 
However, as expected, in the presence of the blocking antibodies, 
there was a significant decrease in the transmigration of monocytes 
across the infected model and represented only 10% of the total 
monocytes in the upper chamber (p<0.05). Presence of blocking 
antibodies had no effect on the minimal monocytes migration 
across the uninfected models (data not shown). Collectively, our 
results indicate that infection of HBMVE cells with WNV 
increased the adhesion and migratory capacity of leukocytes 
resulting in the disruption of the BBB model. 



Discussion 

Infection with WNV in the mouse model of WNV-encephalitis 
is characterized by BBB disruption and massive leukocyte 
infiltration into the brain. The actual basis of BBB disruption, 
however, has not been elucidated. We previously demonstrated 
that WNV infection in the HBMVE cells can be one of the routes 
of cell-free virus entry into the brain, however it does not 
compromise the integrity of the BBB model, suggesting that events 
other than direct virus infection are responsible for the BBB 
disruption. Here, we demonstrate that (i) transmigration of 
leukocytesacross the WNV-infected BBB model compromises its 
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Figure 4. Blocking of cell adhesion molecules limits leukocyte adhesion to the HBMVE cells. HBMVE cell monolayers on the coverslips 
were infected with WNV for 72 hrs and then 2 x 10 5 monocytes or lymphocytes were added to the cells in the presence or absence of the cocktail of 
neutralizing antibodies against CAMs (ICAM-1, VCAM-1 and E-slectin). After two hrs, the non-adhered leukocytes were vigorously washed off and 
adherent cells were stained with CD45 (white arrows). (A) Immunofluorescence micrograph of CD45-stained monocytes and lymphocytes. (B) 
Quantitative representation of CD45 + cells from six different areas per coverslip from three independent experiments. *p<0.05 compared to mock. 
doi:1 0.1 371 /journal. pone.0102598.g004 



integrity, (ii) WNV-induced ICAM-1, VCAM-1 and E-selectin are 
critical in mediating the adherence of leukocytes to the HBMVE 
cells thereby facilitating their transmigration across the in vitro 
BBB model and (iii) blocking these CAMs significandy reduce 
disruption of the BBB model. 

Important observation of our data was that the infection of 
leukocytes alone was not enough to cause the disruption of the 
BBB model. It was the infection and subsequent activation of 
HBMVE cells, specifically the up regulation of these CAMs that 
mediated the disruption of the BBB (Fig. 1 and 2). Additionally, 
our data indicate that WNV does not significandy modulate 
expression of VLA-4 and MAC-1 in leukocytes and this indirectly 
supports the notion that it is primarily the virus-induced activation 
of the BBB endothelium that is responsible for BBB disruption. In 
previous studies, avirulent strain of WNV (Sarafend) has been 
shown to induce expression of ICAM- 1 , VCAM- 1 and E-selectin 
in human endothelial cells [23], although its function in mediating 



leukocyte infiltration was not described. In human monocytes, this 
is the first report showing that WNV (NY99)-induced changes in 
the expression of VLA-4 and MAC-1 is not as dramatic as CAMs 
induced in HBMVE cells. Our results using human cells partially 
agree with the recent mouse study demonstrating a modest 
increase in the VLA-4 expression in the subset of inflammatory 
macrophages (Ly6C+) recovered from the WNV-infected mice 
brain, although this increase was not significant [24]. Further, 
although the infectious dose and the route of infection were 
different, our results in mouse brain (Fig. 2C) are in accord with 
Dai et at, who showed increased ICAM-1 mRNA expression in 
the mice infected with 1000 PFU of WNV 2741 isolate via 
intraperitoneal route [25]. 

In vivo, WNV replication is typically established in the brain of 
mice infected via footpad route by day 6 after infection and virus 
titers and WNV- induced inflammation peak by day 8 after 
infection [3,16,26-28]. Our in vivo data demonstrating significant 
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Figure 5. Neutralizing antibodies against cell adhesion molecules partially reverse the disruption of the in vitro BBB model during 
leukocyte transmigration. The integrity of the in vitro BBB model was determined by measuring the TEER before and after four hrs of incubation 
with monocytes and lymphocytes in the presence or absence of the cocktail of neutralizing antibodies against CAMs. The decrease in the TEER values 
was represented as percentage change as compared to mock-infected controls. The data is mean ± SD of two independent experiments. *p<0.05 
compared to mock. 
doi:1 0.1 371 /journal.pone.01 02598.g005 



increase of ICAM-1, VCAM-1 and E-selectin in the brain at day 8 
after infection correlates with the peak of inflammatory cytokines 
levels and suggest that this may be one of the downstream 
responses of virus-induced inflammation in the brain. Based on 
our in vitro data, we speculate that increased CAMs in the brain is 
the response of BBB-endothelial cells to WNV infection in the 
CNS, however likelihood of other CNS cells in contributing to 
CAMs increase cannot be ruled out. Robust induction of cytokines 
such as TNF-a and interleukin- 1 P (IL-1(3) is shown in WNV 
infected brain [26,28-30] and it is highly likely that these 
inflammatory cytokines may be responsible for the induction of 
these CAMs as has been shown in other neuroinflammatory 
disorders [1 1,31]. 

In order to determine the role of chemotactic gradient in 
leukocyte migration, we also assessed the effect of leukocyte- 
HBMVE interaction in the presence of CCL2. CCL2 has been 
shown to facilitate the chemotaxis of both monocytes and T cells 
in vitro and has been implicated in the pathogenesis of several 
virus diseases including HIV, dengue and WNV [4,32]. CC12 is 
highly expressed in dengue hemorrhagic fever/dengue shock 
syndrome patients and is proposed to contribute to vascular 
permeability changes, possibly by weakening tight junctions of 
vascular endothelium cells [33]. Similarly, presence of CCL2 in 
the lower chamber of the Toxoplasma gondii-induced in vitro BBB 
disruption model, further increased the transmigration of infected 
lymphocytes [34]. However, our results (Fig. 1) indicate that in our 
system, transmigration of monocytes and T cells in the presence of 
CCL2 did not further alter the permeability of the infected BBB 
model. However, this does not rule the possibility of other 
chemokines such as the CCL5 in chemoattracting leukocytes to 
the lower chamber of the model. Further, our data clearly 
demonstrate that the negligible leukocyte adhesion to uninfected 
HBMVE did not appear to be dependent upon the interaction 
with CAMs since blocking antibodies did not further decrease 
adhesion in the mock-infected controls. On the other hand, 
increased leukocyte adhesion to the infected HBMVE can be 
attributed to the increased expression of CAM's based on the 
observation that blocking antibodies markedly reduced the 
number of monocytes and lymphocytes adhered to the HBMVE. 



Our results are similar to other studies using Theiler's murine 
encephalitis virus (TMEV) demonstrating reversal in the leukocyte 
adhesion and transmigration in the presence of VCAM-1 in 
infected endothelial cells [35]. 

The infiltration of the leukocytes can have multiple downstream 
effects in WNV pathogenesis. First, WNV might promote its entry 
into the CNS through the BBB in a 'Trojan horse' manner, where 
infected monocytes and T cells gain entry into the CNS and 
disseminate virus to the neighboring brain cells. Such phenom- 
enon has already been proposed and demonstrated in infection 
with several neurotropic pathogens including HIV, Venezuelan 
equine encephalitis virus (VEEV) and T. gondii [5,34,36,37]. 
Second, recruited immune cells might contribute to immunopa- 
thology. Though leukocyte infiltration is critical to clear WNV 
from the brain, they may also be one of the causes of massive 
inflammation in the CNS leading to neuronal death via apoptosis. 
WNV-infected and activated monocytes and T cells have been 
shown to produce inflammatory cytokines and chemotactic 
chemokines [27,38]. Recently, production of nitric oxide (NO) 
by WNV-infected macrophages in the brain has been associated 
with the pathogenic function of leukocytes [24]. Lastly, uncon- 
trolled leukocyte transmigration can be one of the causes of the 
WNV-associated BBB disruption observed in vivo [16,27]. Our 
current findings strongly suggest important role of specific WNV- 
induced CAMs in modulating the extent of transmigration of 
peripheral leukocytes into the brain, thereby causing BBB 
disruption. 

In this study, we used a cocktail of blocking antibodies against 
all three CAM's, VCAM-1, ICAM and E-selectin instead of 
blocking each of these CAM's individually to address their 
independent roles and relative contribution in BBB disruption. 
We considered this approach based on the fact that all of these 
WNV-induced CAM's are critical in leukocyte trafficking and 
blocking one of them would not significandy affect different events 
underlying leukocyte transmigration. Consistent with this fact, it is 
shown that combinational treatment with anti-MAdCAM- 1 , 
VCAM-1 and ICAM-1 monoclonal antibodies led to more rapid 
remission in the experimental autoimmune encephalitis (EAE) 
model of MS than that obtained with individual antibodies alone 
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Figure 6. Blocking CAMs limits the transmigration of monocytes across the in vitro BBB model. Human monocytes stained with 
leukotracker dye were added to the upper compartment of the in vitro BBB model infected with NY99 strain of WNV in the presence or absence of 
neutralizing antibodies against ICAM-1, VCAM-1 and E-slectin. Treatment with TNF-a (0.125 ng/mL) was used as a positive control. After four hrs of 
incubation, the media of the lower compartment was collected and the flourescence was measured. (A) Flourescence absorbance (RFU) of the 
transmigrated monocytes in the lower compartment. (B) Absolute number of transmigrated monocytes extrapolated based on the standard curve 
generated using RFU of known number of leukotracker stained monocytes. The data is representative of two independent experiments. *p<0.05 
compared to mock and **p<0.05 compared to WNV-infected. 
doi:10.1371/journal.pone.0102598.g006 
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[39]. Similarly, Steiner et al, found that ICAM-1 and VCAM-1 
have redundant roles in mediating shear resistant arrest of 
encephalitogenic T cells to the BBB endothelial cells and only in 
the functional absence of both was the complete abrogation of T 
cell arrest on the BBB observed [40]. 

Increasing evidence suggests that the ability of the WNV to 
invade CNS is strain specific [41]. The non-neurovirulent nature 
of EglOl is attributed to several factors including differences in 
innate immune response [42] and not able to cross the BBB, 
however its interaction with BBB cells is not yet characterized. 
Human brain endothelial cell infection with Eg 1 0 1 is not reported 
so far and our data for the first time indicate that the replication 
kinetics of EglOl and Ny99 strain in HBMVE cells was 
comparable (Fig 3A). This observation is indirectly supported by 
similar studies demonstrating that another non-pathogenic WNV 
strain, MAD78 can replicate as efficiendy as NY strain in BBB- 
endothelial cells [43,44]. On the other hand, Hasebe and group 
demonstrated that virus like particles (VLP) of NY99 transported 
efficiendy from the apical to basolateral side of human endothelial 
cells, whereas EglOl-VLPs hardly transported [45]. Further in 
vivo studies are warranted to delineate differences between NY99 
and EglOl at the level of CNS entry, BBB disruption and 
leukocyte infiltration. However, our results imply that the 
difference in the neuro invasive ability between EglOl and NY99 
is not at the level of virus replication and subsequent induction of 
CAMs in HBMVE cells. It is likely that EglOl is less neuroinvasive 
because the host immune response is able to clear EglOl more 
efficiendy in the periphery as compared to NY99, which may lead 
to lower viremia resulting in reduced CNS entry of EglOl. 

Targeting CAMs either direcdy using neutralizing antibodies or 
by blocking upstream signaling in animal models is being proposed 
as an attractive and feasible strategy for therapeutic intervention of 
reducing transendothelial migration of leukocytes and neuroin- 
flammation in inflammatory diseases such as asthma and 
polymicrobial sepsis [35,46]. Giri et al. showed that fS-amyloid- 
mediated migration of monocytes across BBB model was inhibited 
by blocking CAMs [47]. The data is limited in virus infections, 
although it has been shown that Anandamide inhibits Theiler's 
virus induced VCAM-1 in brain endothelial cells resulting in 
reduced leukocyte transmigration across the BBB model [35]. 
Further, WNV studies using ICAM-1-/- mice provide direct 
evidence of the pathogenic role of ICAM-1 by demonstrating 
decreased BBB disruption along with reduced leukocyte infiltra- 
tion and inflammation in infected ICAM-/- brains [25]. Further, 
its has been recendy demonstrated that treatment with VLA-4 
antibody can reduce CNS infiltration of macrophages and increase 
survival of mice infected with the Sarafend strain of WNV via 
intranasal route following [24]. These studies collectively suggest 
the possibility of therapeutic effects of temporarily targeting 
specific CAMs to improve pathogenesis of WNV and other 
encephalitis causing viruses. 

In summary, our results provide insights into the mechanisms by 
which WNV modulates brain endothelium to facilitate leukocyte 
trafficking into the CNS. Increased expression of specific CAMs 
may be a pathological event associated with WNV infection and 
may contribute to BBB disruption in vivo. Collectively, our data 
implicate that strategies to block CAMs to keep leukocyte 
infiltration and BBB disruption in check will limit neuroinflamma- 
tion and virus-CNS entry via 'Trojan horse' route, and improve 
WNV disease outcome. 



Materials and Methods 

Ethics statement 

This study was specifically approved by the University of 
Hawaii Institutional Animal Care and Use Committee (IACUC, 
protocol number 08-265), and conducted in strict accordance with 
guidelines established by the National Institutes of Health and the 
University of Hawaii IACUC. All animal experiments were 
conducted in consultation with veterinary and animal care staff at 
the University of Hawaii in animal biosafety level-3 laboratory. 
Mice that exhibited severe disease were immediately euthanized 
using C0 2 to limit suffering. 

Cells and Virus 

Low-passage primary HBMVE cells were purchased from Cell 
Systems Corporation (Cell Systems Corp., Fvirkland, WA) and 
propagated on attachment factor coated flasks with CSC- 
Complete medium (Cell Systems Corp.) as described previously 
[17]. All experiments were performed with cells between passages 
6 to 10. A stock of lineage I WNV strain NY99, originally isolated 
from a crow brain in New York and propagated in Vero cells, was 
used for all infection experiments at MOI 5 for HBMVE cells and 
MOI 1 for monocytes and lymphocytes. WNV EglOl, a gift from 
Dr. Duane Gubler, was used for infections at the MOI 5 in some 
experiments. HBMVE cells were infected with WNV as described 
previously [17,48] and cells and supernatant were harvested at 
various time points after infection. 

PBMC isolation and separation 

An Institutional Review Board-approved protocol was used for 
the isolation of PBMCs from 60-80 mL anti-coagulated blood of 
healthy donors. Monocytes were separated using the EasyStep 
Negative Selection Human Monocyte Enrichment Kit 
(Cat# 19059, StemCell Technologies) following the manufacturers 
instructions. Monocytes-depleted leukocytes (lymphocytes) were 
separated by allowing the monocytes to adhere onto tissue culture 
plates for at least 2 hrs in a 37°C incubator. 

In vitro BBB model, WNV infection and permeability assay 

In vitro monolayer BBB models were constructed by plating 5 x 
10 4 HBMVE cells on a BioCoat Cell Environment Human 
Fibronectin PET insert with 3.0 u,m pores in a 24-well plate (BD 
Bioscience, Bedford, MA) as described previously [17,18]. The 
integrity of the in vitro BBB model was determined every day from 
day 3 after seeding by measuring the TEER EMVOX and was 
expressed as £Vcm 2 . At day 8-10 after seeding, the in vitro BBB 
models were infected with WNV at MOI 5. At day 3 after 
infection, the inserts were used for transmigration and permeabil- 
ity assays in the presence or absence of a cocktail of neutralizing 
antibodies against CAMs (ICAM-1, 10 ug/mL; VCAM, 20 ug/ 
mL; and E-selectin, 10 ug/mL from R&D systems). When used at 
these concentrations, all of these antibodies are reported to have 
the specificity of inhibiting adhesion of monocytic U937 cells by 
80-100% (R&D systems) and have been used in several adhesion 
studies [49]. A total of 2.5 x 10 5 monocytes or lymphocytes in 
400 uL were added to the upper chambers of the in vitro BBB 
models and incubated with or without the presence of the cocktail 
of neutralizing antibodies. In selected experiments, 100 ng/mL 
MCP-1 was added in the lower chamber medium as a 
chemoattractant. After 2 and 4 hrs of incubation, the BBB 
integrity was measured by TEER assay as described previously 
[17,18]. For positive control, the inserts were treated with 
0.125 ng/mL of TNF-a. 
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Table 1. Primer sequences used for qRT-PCR. 





Gene (Accession No.) 


Primer Sequence (5'-3') 


Amplicon 


(bp) Tm (°C) 


Mac-1 (J03925)-Human 


Forward 


AACTGTGATGGAGCAATT 


104 58 


Reverse 


GGTTGTTCTGGAACTCTT 




L-selectin (NM_000655)-Human 


Forward 


ATTTCCTGGCACATCATG 


95 59 


Reverse 


ATTGTCTCGGCAGAATCT 




LFA (NM_002209)-Human 


Forward 


TGACCAGAACACCTATCT 


136 58 


Reverse 


CGAACCATCAAACAGAAAT 




ICAM-1 (NM_010493)-Mice 


Forward 


ATAACTGGACTATAATCATTCTG 


119 57 


Reverse 


AGCCTTCTGTAACTTGTAT 




E-selectin (M87862)-Mice 


Forward 


CATGACGTATGATGAAGC 


98 57 


Reverse 


GATTGGAGTTAAGGTAGTTG 




VCAM-1 (NM_011693)-Mice 


Forward 


CTCTAGCAAGACCCTTTA 


149 57 


Reverse 


CATCTTCACAGGCATTTC 





doi:10.1371/journal.pone.0102598.t001 



Adhesion assay 

Confluent monolayers of HBMVE cells grown on coverslips in 
24 well plates were infected with WNV at MOI 5. At day three of 
infection, the coverslips were incubated with the cocktail of 
neutralizing antibodies against ICAM-1, VCAM-1 and E-selectin 
(5 ug/mL each) for one hour prior to the adhesion assay. 2.5 x 10 
monocytes or lymphocytes in 0.5 mL media were then added and 
incubated with HBMVE in the presence or absence of the 
blocking antibodies for one hour at 37°C as described previously 
[49]. At the end of the incubation period, the supernatant with the 
non-adherent leukocytes (monocytes or lymphocytes) was removed 
and the HBMVE monolayers were vigorously washed four times 
to remove loosely attached cells. The HBMVE monolayers with 
adherent leukocytes were fixed in 4% paraformaldehyde (PFA) for 
10 minutes and were stained with DAPI for nucleus marker and 
FITC conjugated anti-CD45 (a leukocyte marker) diluted 1:100 
and examined using a Zeiss microscope as described previously 
[18]. Controls included uninfected HBMVE cells co-cultured with 
leukocytes with and without neutralizing antibodies. The number 
of leukocytes bound to the monolayers was determined by 
counting the number of adherent monocytes and lymphocytes in 
two central and four peripheral randomly selected fields of 3 
coverslips from two independent infections. 

Transmigration assay 

For the transmigration assays, freshly isolated monocytes and 
lymphocytes were first tagged by staining with Leukotracker dye as 
per the instructional manual (Cell Biolabs). Confluent transwell 
inserts with a mean TEER > 1 1 0 Q were carefully transferred to 
fresh wells containing 500 uL of the medium and 5x10' 
monocytes and lymphocytes in 500 nL of buffer were added to the 
inserts and allowed to migrate at 37°C. After 4 hrs, the medium 
from the lower chamber was collected and the fluorescence of 



Leukotracker dye was quantitated at 480/520 nm using a Victor3 
microtiter reader. 

Analysis of cell adhesion molecules in WNV-infected 
human endothelial cells, monocytes and mice brain 

In the HBMVE monolayer, mRNA expression of multiple 
CAMs at 72 hrs after infection was determined using microarrays 
and increased expression of VCAM-1, ICAM-1 and E-selectin was 
validated by qRT-PCR [17]. The RNA extracted from monocytes 
after 48 hrs of WNV infection was used to measure the mRNA 
expression of VLA-4, MAC- 1 and L-selectin by qRT-PCR using 
specific primers (Table 1). For protein expression of ICAM-1 and 
E-selectin at 72 hrs, mock- and WNV-infected HBMVE cells were 
fixed in 4% PFA and immunostained using anti-ICAM-1, or 
monoclonal mouse anti-E-selectin followed by streptavidin 596 
conjugated anti-mouse secondary antibodies as described previ- 
ously [17]. Eight- to 10-week old C57BL/6 mice were infected 
with 100 PFU WNV (NY99 strain) via the footpad as described 
previously in accordance with the University of Hawaii at Manoa 
animal studies guidelines [16,28]. Brains harvested at different 
time points after infection were used for RNA extraction and 
qRT-PCR analysis using specific primers as described in Table 1. 
The mRNA levels were normalized against GAPDH and 
expressed as fold increase over RNA levels in mock-infected brain 
tissues [28]. 

Statistical analysis 

All mRNA quantitation data are reported as mean ± standard 
error of at least two independent experiments in duplicate. 
Unpaired student t-test was used to compare the values of 
leukocyte adhesion and transmigration assays and two-way 
analysis of variance (ANOVA) with Bonferonni post-tests was 
used to compare the values of BBB permeability assays using 
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GraphPad Prism 5.0 (GraphPad software, San Diego, CA). p< 
0.05 was considered as statistically significant for all analyses. 
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